Abstract. Chemotaxis and generation of the oxidative burst by phagocytes are among the biological functions thought to require methylation reaction(s) for their expression. The present study investigated the effect of different stimuli of the oxidative burst on lipid methylation by human elutriated monocytes as measured by methyl group incorporation from [methyl-3H]methionine into both phospholipid and neutral lipid extracts. Normal monocytes, incubated at 370C for 1 h with 2 uM methionine, incorporated 10.2-fmol/106 cells and 73.6-fmol/ 106 cells of methyl groups into neutral lipids and phospholipids, respectively. Stimulators of the respiratory burst, such as the chemotactic peptide N-formyl-L-methionyl-L-leucyl-L-phenylalanine, the tumor promoter, 12-0-tetradecanoyl phorbol-13-acetate, and the calcium ionophore, A23 187, decreased the incorporation of methyl groups into both neutral lipids and phospholipids in a similar manner. Increasing the concentration of methionine in the medium reversed or attenuated the inhibition achieved at lower levels. An inverse relationship existed between the degree of methylation and the extent of stimulation of the oxidative burst, measured as superoxide anion (O°) release. Stimulated monocytes oxidized methionine to methionine sulfoxide (which cannot act as a methyl-donor), and this was dependent on activation of the respiratory burst. Elimination of the ac- cumulated methionine sulfoxide by replacement of the medium or by prevention of extracellular methionine oxidation by catalase did not effectively restore the normal level of methylation in stimulated cells, and the reduced methylation was not primarily related to a defective methionine uptake by stimulated monocytes. These data suggest that intracellular events related to activation of the respiratory burst are responsible for the decreased lipid methylation in stimulated cells, possibly by their leading to intracellular formation of methionine sulfoxide and by their limiting the availability of methyl-donor. This mechanism may be of potential relevance for the expression of biological functions where methionine-dependent reactions are involved.
oxidative burst by phagocytes are among the biological functions thought to require methylation reaction(s) for their expression. The present study investigated the effect of different stimuli of the oxidative burst on lipid methylation by human elutriated monocytes as measured by methyl group incorporation from [methyl-3H]methionine into both phospholipid and neutral lipid extracts. Normal monocytes, incubated at 370C for 1 h with 2 uM methionine, incorporated 10.2-fmol/106 cells and 73.6-fmol/ 106 cells of methyl groups into neutral lipids and phospholipids, respectively. Stimulators of the respiratory burst, such as the chemotactic peptide N-formyl-L-methionyl-L-leucyl-L-phenylalanine, the tumor promoter, 12-0-tetradecanoyl phorbol-13-acetate, and the calcium ionophore, A23 187, decreased the incorporation of methyl groups into both neutral lipids and phospholipids in a similar manner. Increasing the concentration of methionine in the medium reversed or attenuated the inhibition achieved at lower levels. An inverse relationship existed between the degree of methylation and the extent of stimulation of the oxidative burst, measured as superoxide anion (O°) release. Stimulated monocytes oxidized methionine to methionine sulfoxide (which cannot act as a methyl-donor), and this was dependent on activation of the respiratory burst. Elimination of the ac-Introduction Transmethylation reactions have been implicated in a variety ofbiological functions in different cell types (1, 2) . In phagocytic cells, cellular methylations are thought to be required for the generation of the oxidative burst of guinea pig macrophages (3, 4) , for the phagocytosis by mouse macrophages (5), as well as for the chemotactic response of human leukocytes (6) (7) (8) , guinea pig macrophages (7) , or a mouse macrophage cell line (9) . Recently, methylation reactions have been implicated in regulating the functional state of the receptor for chemotactic factor (4) and in the binding of activated mouse macrophages to tumor cells (10) .
Attempts to clarify which methylation reactions were specifically involved consequent to chemoattractant exposure have led to conflicting results. By analogy with observations in bacteria (11) (12) (13) , protein carboxymethylation was found to be enhanced in rabbit leukocytes exposed to chemoattractants (14) , but this result was not confirmed in guinea pig macrophages (15) . Attention has focused in recent years on phospholipid methylation (16) , which was decreased when cells were treated with chemoattractants (15, 17) . With regard to the respiratory burst, there is no current information available concerning which transmethylation reactions are involved.
We previously identified ubiquinone-50 as the major methylated neutral lipid in human monocytes (18) . We observed that activation of the respiratory burst was associated with a reduction in the rate of neutral lipid methylation. In the present study we investigated the changes induced by a chemoattractant and by other activators of the respiratory burst on the incorporation by human monocytes of the methyl group from methionine into neutral lipids, as well as into phospholipids, two metabolic pathways whose biological significance is likely to be different. Our intent was to discriminate between unique involvement of neutral lipid methylation or generalized effects on other metabolic pathways. An inverse relationship was observed between activation of the oxidative burst and the extent of incorporation of methyl groups into cellular lipids. Methylation of both neutral lipids and phospholipids was affected in a similar manner, suggesting that there is a common mechanism underlying this phenomenon.
Methods
Reagents In each experiment, cell viability, assessed by trypan blue exclusion, was >95%.
Evaluation of neutral lipid and phospholipid methyl group incorporation. The methylation of neutral lipids was assayed by measuring the incorporation by intact cells ofthe [3Hlmethyl group from [methyl3Hjmethionine into nonpolar lipids extracted with heptane (18) . Monocytes (3-4 X 106/ml), with or without stimulating agents, were incubated in polypropylene tubes (Falcon 2059, Falcon Labware, Oxnard, CA) at 370C in a 5% CO,-air humidified atmosphere in 0.5 ml methioninefree RPMI 1640 medium containing 25 mM Hepes buffer, 5 mg/ml fatty acid-free bovine serum albumin, and labeled methionine at the final concentrations specified. Each test was performed in duplicate. The reaction was stopped at the indicated time by adding 2.5 ml of cold EBSS. After centrifugation at 400 g, supernatants were saved for quantification of the remaining radioactivity and for analysis by thinlayer chromatography (TLC). Cells were subsequently washed twice and resuspended in 0.2 ml of EBSS, followed by addition of 2 ml of methanol and by vigorous vortexing. Nonpolar lipids were extracted with 5 ml of heptane and were followed by a second extraction with 3 ml of heptane. An aliquot of the pooled heptane extract was transferred to scintillation vials and evaporated. Radioactivity was quantified by liquid scintillation counting, using 10 ml Aquassure (New England Nuclear) as scintillation fluid. Efficiency was evaluated for each sample using the sample channel ratio, and disintegrations per minute were converted into femtomoles of methyl groups from the specific activity after correction for isotopic dilution.
Phospholipids were subsequently extracted from the lower methanol/ water phase by adding 1.4 ml of water, 2 ml of methanol, and 2 ml of chloroform followed by vigorous shaking. Partition into two phases occurred upon addition of 2 ml of chloroform and 2 ml of water, as specified by Bligh and Dyer (22) . After centrifugation, the lower organic phase was filtered through cotton wool and radioactivity was quantified as above. Characterization of the labeled products in both heptane and chloroform extracts of monocytes has been previously reported (18 Wells to which 300 U/ml SOD were added served as blanks. Results were expressed in nmol O-/106 cells/h using an extinction coefficient of 21 X 103 M' cm-', which was corrected for the calculated length of the light path.
Separation of methionine and methionine sulfoxide by TLC. The presence of methionine and methionine sulfoxide in the supernatants of monocytes incubated with labeled methionine was detected as follows.
10-20 Al ofsupernatant were diluted 1:1 with ethanol and applied under nitrogen to a 250-um thickness, silica gel G plate with fluorescent indicator and preadsorbent spotting area (LK6F, Whatman Chemical Separation, Inc., Clifton, NJ). Plates were developed with either t-butanol/methylethyl-ketone/water/ammonium hydroxide (40:30:20:10) or N-butanol/ acetic acid/water (50:25:25) (19) . The location of standards was visualized under a short-wave ultraviolet lamp after exposure ofthe plate to iodine vapors. Both systems allowed separation of internal standards, including s-adenosyl-methionine, methionine sulfoxide, methionine sulfone, and methionine. The latter system was subsequently used for routine determination. The percentage distribution of radioactivity was quantified by scanning with a TLC plate scanner (18, 26) (imaging proportional counter, Bioscan Inc., Washington, DC).
Statistical analysis. Significance was determined from the t test for paired data.
Results
Effect ofthe chemotactic peptide, FMLP, and other stimulators ofthe respiratory burst on the level ofmethyl group incorporation into neutral lipids and phospholipids ofhuman monocytes. In an attempt to correlate this observation with the biological effects of FMLP, we also examined the dose-response effects of this compound on locomotion and superoxide anion (O°) release by human monocytes (Fig. 2) . 10-8 M was the optimal concentration of FMLP as a chemoattractant, whereas 10-6 M induced maximal effects on superoxide production. O2 production increased over the same concentration range of FMLP that induced a decreased methyl group incorporation into cellular lipids, suggesting a correlation between the two phenomena. Therefore, we evaluated the effect of nonchemotactic stimuli of the respiratory burst. Fig. 3 shows the dose-titration of°2-release by human monocytes in response to TPA or to the 1631 Lipid Methylation in Human Monocytes calcium ionophore, A23187. Based on this titration, a single dose ofeach compound that resulted in an equivalent production of O2 was tested for its effect on lipid methylation (Table I) . The decreased methyl group incorporation into each lipid fraction was similar with both agents. Furthermore, evaluation of the dose-response of the TPA effect on methyl group incorporation into lipids showed 10 nM to be the concentration giving the maximal effect, as was observed for O2 release (Fig.  4) . Lymphocytes, which exhibited a similar pattern of distribution of methyl groups incorporated into neutral lipids and phospholipids as monocytes, did not release detectable amounts of O2 in response to TPA and displayed no reduction in the amount of methyl groups incorporated into either lipid fraction in response to up to 100 nM TPA (data not shown).
The decrease in the incorporation of methyl groups into both neutral lipids and phospholipids followed the same time course (Fig. 5) . This was the case for either FMLP-or TPAtreated cells. The effect ofFMLP approached its maximum after h of incubation, while the effect of TPA was maximal after 2 h.
These data suggest that these two different types of methylation reactions are affected by a common mechanism which is related to events occurring during the stimulation of the oxidative burst. (Fig. 6 a) . The effect of TPA, which had a more marked action than FMLP when tested at the lowest concentration of methionine (2 AM), was attenuated by increasing methionine up to 100 AM, the highest concentration tested (Fig. 6 b) . This shows that these agents did not induce an inhibition oflipid methylation by a toxic, nonspecific, effect and suggests that the mechanism involved is related to the availability of methyl donors.
Oxidation ofmethionine by stimulated monocytes. Since the degree ofreduction in methyl group incorporation into monocyte lipids was found to be dependent on the concentration of methionine and to be associated with activation of the respiratory burst, we investigated whether oxidation of methionine by stimulated monocytes occurred in our system. When monocytes were incubated in medium containing [methyl-3H]labeled methionine, in the presence or absence of either FMLP (10-6 M) or TPA (10 nM), no difference in the amount of radioactivity recovered in the supernatants ofcontrol or stimulated monocytes was observed (data not shown). However, analysis by TLC of supernatants from stimulated monocytes showed that the percentage of radioactivity co-migrating with the methionine sulfoxide internal standard was increased, while radioactivity co- migrating with the methionine internal standard was decreased (Fig. 7) . No other labeled compounds were detected. Spontaneous oxidation of methionine was not observed when monocytes were omitted from the incubation (data not shown). These results are consistent with a previous report (27) showing that human neutrophils are capable of oxidizing methionine to methionine sulfoxide by activation of the respiratory burst. Since methionine sulfoxide was present in the supernatant of stimulated monocytes, we compared its incorporation into cells to that of (unoxidized) methionine using the corresponding radiolabeled isotopes. The total cell-associated radioactivity of monocytes incubated with [methyl-3H]methionine sulfoxide was 8.2% of the amount found in cells incubated with an identical concentration of [methyl-3H]methionine (Table II) . This reduction was principally accounted for by a decrease in the radioactivity incorporated into the TCA-precipitable pool; a less evident decrease was observed in the TCA-soluble radioactivity. (Table III) . Each of the nonpenetrating agents employed had an effect in preventing methionine sulfoxide formation in the supernatant, but they failed to result in a corresponding prevention of the TPA-induced decrease in methyl group incorporation. This was particularly evident with catalase, where unimpaired availability of extracellular unoxidized methionine was accompanied by only a partial attenuation of the TPA effect. Furthermore, when incorporation of methionine was studied under conditions where methionine sulfoxide formation in the medium was prevented by catalase, TPA treatment resulted in a reduction of 38 (30 min) and 21% (60 min) in the amount of cell-associated radioactivity (Table IV) The extracellular presence of methionine sulfoxide in stimulated cultures raised the possibilities that its accumulation may exert a direct inhibitory effect, or that decreased methyl group incorporation into neutral lipid may simply reflect extracellular degradation of the methyl donor. Addition of exogenous methionine sulfoxide to cells incubated with labeled methionine failed to affect the extent of isotope incorporation into lipids (data not shown), which ruled out a direct (or toxic) effect by methionine sulfoxide. To address the latter possibility, TPAstimulated or nonstimulated monocytes were incubated at 370C for 1 h, and the medium was replaced at regular intervals with identical aliquots containing labeled methionine (Fig. 8) . The results showed that replacement ofthe medium did not prevent the TPA-induced effect on neutral lipid and phospholipid methylation.
To further distinguish between the extracellular and intracellular events responsible for the reduced level of methyl group incorporated into lipids by stimulated cells, TPA-stimulated or unstimulated monocytes were studied in the presence or absence Discussion This study shows that the chemotactic peptide, FMLP, and other nonchemotactic stimuli of the respiratory burst decreased phospholipid and neutral lipid methylation in human monocytes to an extent that was related to their activation of the oxidative (16) , and the incorporation of methyl groups into neutral lipids, representing a step required for the biosynthesis ofubiquinone (18) , are amongst the methylation reactions employing s-adenosyl-methionine as the active methyl donor. The final products ofthese two reactions have different roles in the biology of the cell. Nevertheless, both methylation reactions were decreased in a similar manner by treatment of cells with the chemoattractant, FMLP, or other nonchemotactic activators ofthe respiratory burst, which suggests that this phenomenon was related to a common event. The decrease in methyl group incorporation into lipids induced by FMLP and TPA was apparent over the same concentration range that stimulated O2 production by monocytes. Furthermore, no change in methyl group incorporation was observed in TPA-treated lymphocytes, which do not undergo an oxidative burst. These data suggest an inverse relationship between activation of the oxidative burst and methyl group incorporation into lipids in stimulated monocytes, and allowed us to hypothesize that events related to the activation ofthe respiratory burst might be responsible for the simultaneous change we observed in the two different methylation pathways we examined.
We found that stimulated monocytes oxidize methionine to methionine sulfoxide in the medium, as has been described for human neutrophils (27) . This event is related to activation of the respiratory burst, although the precise nature of the oxidizing agent is not known (27, 19) . Because methionine sulfoxide is less efficient than methionine in entering cells and may not act as a methyl-donor even when present inside the cell, the effect of stimuli of the oxidative burst on the incorporation of methyl group into lipids might be primarily related to extracellular oxidation of methionine. If this were the case, the observed decrease in methyl group incorporation we found would not necessarily reflect an actual change in the extent of methylation, since a resynthetic pathway for methionine in mammalian cells exists (28). However, when accumulation of methionine sulfoxide was eliminated by replacement with fresh medium, or when extracellular oxidation of methionine was prevented by nonpenetrating agents, the decreased level of lipid methylation in TPA-treated monocytes was not similarly corrected. Under these conditions, an increase of radioactivity from labeled methionine in the TCA-soluble pool together with a decreased radioactivity in the TCA-precipitable pool were found, suggesting an impaired methionine utilization. These observations raised the possibility that stimulation of the respiratory burst might lead to oxidation of methionine to methionine sulfoxide after its entrance into the cells, and might account for the decreased methylation observed in our system. This is consistent with the detection of intracellular methionine sulfoxide in stimulated human neutrophils (27) . A pivotal role for methionine in modulating the inhibitory effect of stimuli of the oxidative burst on lipid methylation was suggested by the dependency of the effect on the concentration of methyl-donor. Since the intracellular and extracellular pools are readily equilibrated (29) , increasing the concentration of methionine in the medium would result in a limitation of the inhibitory effect, possibly by supplying additional amounts of substrate. In a physiologic context, the human plasma concentration of methionine, under usual conditions, may vary from 10 to 40 uM, with fluctuation related to dietary intake (30) . This is within the range where the effect of potent stimulation of the respiratory burst on lipid methylation could be manifest.
Although we favor the hypothesis that reduced availability of intracellular methyl-donor is the most likely explanation for the observations described, alternative interpretations of the reduced level of methylation observed may be considered. Amongst these interpretations are: decreased activity of methyltransferase enzymes, as has been reported for the phospholipid methyltransferase activity of zymosan-stimulated neutrophils (31) , and enhanced catabolism of the methylated products as a result of treatment with the agents employed in this study. The demonstrated ability to reverse the reduction in methyl group incorporation into both lipid fractions by increasing the concentration of methionine in the medium make a decreased enzymatic activity unlikely. Furthermore, phospholipid methyltransferase activity ofTPA-treated cells was not different from controls in a cell-free assay3. Neither was enhanced catabolism of methylated products likely to be responsible for the observed effect. Although activation of phospholipase A2 has been described to account for reducing the recovery of methyl-labeled phospholipids in stimulated rabbit neutrophils (17) , this observation was not confirmed in guinea pig macrophages (15) . The decay of labeled phospholipids was not consistently enhanced by TPA-treatment of monocytes and its magnitude could not uniquely account for the decrease we observed in this lipid fraction3. Furthermore, the decrease in methyl group incorporation into phospholipids paralleled that of the neutral lipid compound, ubiquinone; its slow decay has been shown not to be affected by TPA treatment (18) .
Inhibition of phospholipid methylation by chemotactic factors has been described in guinea pig macrophages and was correlated with the potency of the agents tested as chemoattractants (15) . Phospholipid methylation was deemed to be specifically affected by the chemotactic agents, since a different stimulus, phagocytosis ofopsonized sheep erythrocytes, resulted in no change and a second methylation reaction, protein carboxy-0-methylation, was unaffected by the chemotactic factors employed. The data obtained here employing nonchemotactic stimuli of the oxidative burst failed to support the specificity observed in guinea pig macrophages. Although phagocytosis usually is associated with an activated respiratory burst, differences among species and efficiency of the stimulus employed might account for the discrepancy. The effect we observed on neutral lipid methylation in human monocytes argues against the unique involvement of phospholipid methylation after chemoattractant exposure; instead, the mechanism reported here is also likely to affect other methionine-dependent reactions. For example, we observed a decreased amount of radioactivity from labeled methionine recovered in the TCA-precipitable material of stimulated monocytes, which argues that there are possible effects on other metabolic pathways, including protein synthesis. This is in agreement with a report showing that methionine sulfoxide is not incorporated into protein in a cell-free system (32) .
The relationship we observed in our system between the activation of the oxidative burst and the inhibition of lipid methylation might contribute to the understanding ofbiochemical phenomena associated with the expression of cell functions. Conversely, a comprehension of actions ofagents that can trigger the activation of the respiratory burst in responsive cells may be approached in terms of oxidation of susceptible substrates, such as methionine.
